Introduction
During the last 10 years, the Late Cretaceous timescale has been improved by integration of floating astronomical time scales (ATS), higher resolution biostratigraphic frameworks, high-resolution carbon-isotope stratigraphy and more accurate and precise radioisotopic dates [Jarvis et al., 2006; Batenburg et al., 2012; Meyers et al., 2012; Gradstein et al., 2012; Thibault et al., 2012a, b; Voigt et al., 2012; Sprovieri et al., 2013; . A recent compilation of Laurin et al. [2015] proposed a new chronology for an Albian to Campanian carbon-isotope curve, supported by cyclostratigraphy and radioisotopic ages, which revealed the presence of a c. 1.1 myr long-term Milankovitch cycle. The most widely used Late Cretaceous δ 13 C reference curve is based on the English Chalk record, and this has proved to be a powerful tool for long-distance correlation [Jarvis et al., 2002 [Jarvis et al., , 2006 Voigt et al., 2010 Voigt et al., , 2012 . However, the magnitude of post-Turonian carbon-isotope variance is relatively small, and therefore the resolution of the English Chalk δ 13 C curve still requires improvement and independent confirmation in other sections. Furthermore, there is a lack of direct orbital calibration of the English Chalk curve to the 405 kyr Milankovitch stable eccentricity target of Laskar (e.g. Laskar et al. [2011] ).
Stratigraphic revisions
The macrofossil biostratigraphy of the Seaford Head section is revised here using our own records from the section, and is correlated at a bed scale to the lithostratigraphy (Fig. 2 , Appendices 1 and 2). Calcareous nannofossil and foraminifer data have been derived from Hampton et al. [2007] . For Seaford Head and the other English sections discussed below, we use the modified North Sea UC nannofossil scheme of Fritsen [1999] . In this study, the adopted nomenclature for biostratigraphic events is the use of lowest occurrences (LO) and highest occurrences (HO) instead of the commonly used first and last occurrences, respectively. This is because this adopted nomenclature does not imply any notion of time and applies strictly to stratigraphic layers of particular sections or areas. Despite not being officially ratified by the International Commission on Stratigraphy, we adopted an upper case notation for Lower, Middle and Upper stage subdivisions of Late Cretaceous stages, following the style of the Geologic Time Scale 2012 (Gradstein et al., 2012) but also because such a notation gives room for further informal subdivisions (e.g. lower Lower, upper Lower, etc.) . For practical reasons, we did not follow the recommendations of Holden et al. (2011) and adopted a clear distinction between time (ka, Ma) and time span units (kyr, myr).
Hampton et al. [2007] placed the base of UC14iii at Seaford Head at the HO of
Cylindralithus crassus (Fig. 3) , according to the scheme of Fritsen [1999] . The LO of
Monomarginatus quaternarius situated 2 meters above the HO of C. crassus can be used as a marker for the base of UC15 sensu Burnett et al. [1998] . According to Burnett et al. [1998] , the base of UC15 is defined by the LO of Misceomarginatus pleniporus, a rare species which is almost undistinguishable from M. quaternarius in moderately preserved material, and considered to be a possible synonym of the latter species. Burnett et al. [1998] regarded the LO of M. quaternarius as a secondary marker for the base of UC15, and it is recommended here as the best marker for the base of this zone in the Boreal realm, as this species is present in a large part of the Chalk sea: in England, in the Danish Basin and in North Germany [Schönfeld et al., 1996; Hampton et al., 2007; Thibault et al., 2012b; Fig. 3] . Accordingly, the LO of M. quaternarius at Trunch indicates the base of UC15 (Fig. 3) . The definition of the base UC15 by the HO of Saepiovirgata biferula (a rare holococcolith species) used in the
Fritsen [1999] scheme should rather be applied strictly to North Sea sites where M. quaternarius appears to be absent.
The calcareous nannofossil zonation at Gubbio has been revised using the standard UC TP zonation of Burnett et al. [1998] for Tethyan and intermediate provinces, based on original data on biohorizons given in Monechi and Thierstein [1985] , Gardin et al. [2001] and in the recent compilation of Coccioni and Premoli-Silva [2015] . For the Lägerdorf reference section in NW Germany [Schulz et al., 1984] , discussed below, we applied the standard UC BP zonation of Burnett et al. [1998] for the Boreal Realm based on original data on biohorizons given in Schönfeld et al. [1996] . 
Cyclostratigraphy
The cyclostratigraphic analysis was performed on carbon-and oxygen-isotope variations in the depth and in the time domains after orbital tuning of the time-series. Prior to the spectral analysis, long-term trends of the δ 13 C signal were removed from the original signal using a piecewise linear interpolation of the time-series. This interpolation allows for a linear detrending on several portions of the time-series based on a least-square interpolation with break points defined at 8. 75, 32.75, 50.75, 57 .00 and 75.50 m, which correspond to maxima and minima of observed long-term trends (Fig. 4) . Similar spectra were obtained when detrending long-term trends using different robust loess smoothing weighted averages over 40 to 60% of the total time-series, but the power of the identified frequencies were systematically higher and better expressed when detrending with the piecewise linear interpolation.
Orbitally tuned time-series were reinterpolated at 5 kyr steps. Spectral analyses were performed using the Multi-Taper Method (MTM) with a red noise simulation from Schulz ASM is a robust inverse method from the Astrochron package [Meyers, 2014] allowing testing of the alignment and fit between observed spectral peaks of a sedimentary time-series and several target orbital frequencies from the Laskar astronomical solution [Laskar et al., 2004] , using a range of plausible sedimentation rates [Meyers and Sageman, 2007] . The ASM methodology allows identification of an optimal sedimentation rate, which minimizes the misfit between the observed frequencies of the sedimentary record and the orbital frequency targets. However, this method can only be tested on time-series with relatively constant sedimentation rates [Meyers and Sageman, 2007] . Significance levels for rejection of the null hypothesis of the ASM (no orbital signal) are estimated with Monte Carlo spectra simulations [Meyers et al., 2012] .
In addition, Evolutive Harmonic Analysis (EHA) was applied with a step of 5 kyr and a window of 500 kyr to the time-series tuned to the 405 kyr component using the script of Meyers et al. [2001] provided in the Astrochron package [Meyers, 2014] . In order to extract the potential cyclicities identified by the cyclostratigraphic analysis, we used Taner filters [Taner, 2000] for high-precision extraction of specific astronomical frequency targets. 2).
Results
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Gubbio
A thorough description of the Upper Albian-Lower Campanian carbon isotope curve of the Bottaccione reference section was provided by Sprovieri et al. [2013] . However, the Carbon-isotope values in the Bottaccione succession typically range between 2.2 and 2.8 ‰,
with highest values at the base of the sections, in the Coniacian (Fig. 5 ). An offset of 0.1 ‰ in absolute values between the similarly shaped low-and high-resolution Bottaccione Road curves is attributed to a systematic inter-laboratory bias. Correlation of our Gubbio curves to the Boreal Campanian reference section at Lägerdorf [Schulz et al., 1984; Schönfeld et al., 1996; Voigt et al., 2010] is shown in Figure 5 . Major Middle Coniacian-Lower Campanian
CIEs from the Kingsdown to the SCBE can be confidently correlated between the two sections. For the higher Campanian, the key tie point is the positive δ 13 C excursion at the top of our low-resolution data set, which is equated to the Mid-Campanian CIE of Jarvis et al.
[2002], based on its position immediately below the LO Radotruncana calcarata (Cushman).
This interval is correlated with the well-defined δ 13 C peak in the lower basiplana/spiniger Zone at Lägerdorf. Above this level, the carbon-isotope profile begins a long-term fall ( Fig.   5 ), interpreted to represent the start of the falling trend that ultimately leads to a welldeveloped negative excursion, the Late Campanian CIE, in the mid-Upper Campanian [Jarvis et al., 2002 [Jarvis et al., , 2006 [Jarvis et al., , 2008 Voigt et al., 2010] .
The δ 13 C peak at the base of the Upper Campanian at Lägerdorf correlates with a more marked positive excursion at the same biostratigraphic level in the Trunch borehole succession of Norfolk, Eastern England [Jenkyns et al., 1994; Jarvis et al., 2002 Jarvis et al., , 2006 . This peak was previous equated with the Mid-Campanian Event by Jarvis et al [2002] ; the new data presented here from Bottaccione indicate that it is better correlated with a peak in the mid-C. plummerae Zone. The δ 13 C peak is differentiated here as the Trunch CIE, which is at the level of the Trunch Hardgrounds in the Norfolk section [Jarvis et al., 2006] .
A well-developed peak of ~ 0.2 ‰, coincident with a medium-term δ 13 C maximum, occurs in the mid-Lower Campanian papillosa Zone at Lägerdorf and in the uppermost G. elevata Zone (Chron 33R/33N boundary) at Bottaccione, and two small negative excursions of ~ 0.15 ‰ below this interval can be traced from the pillula and senonensis Zones at Lägerdorf, to the lower and mid-G. elevata Zone at Bottaccione, respectively. However, these excursions have very low amplitudes and their stratigraphic significance will need to be tested in high resolution datasets from other sections. For correlation purposes, the Campanian CIEs identified here are informally referred to their corresponding macrofossil zonal names in the Lägerdorf section, e.g. pillula Zone event (Fig. 5 ; in this case immediately above the LO Globotruncanita atlantica (Caron) at Bottaccione).
Cyclostratigraphy of the Seaford Head section
Cyclostratigraphy in the depth domain
Results of the Multi-Taper Method spectral analysis on the detrended δ 13 C variations of the Seaford Head record highlight one highly significant periodicity at 16 m, a poorly significant peak at 4.2 m, and three other periodicities at 0.75, 0.68 and 0.56 m (Fig. 4) . The MTM spectral analysis of the δ 18 O signal highlights mainly high-frequency variations with highly significant peaks at periodicities of 4.2 m and 1.18 m, and less significant peaks at 0.75, 0.69 and 0.57 m (Fig. 4) . Frequency ratios suggest assignment of the 16 m peak to the 405 kyr eccentricity, of the 4.2 m peak to the 100 kyr eccentricity, of the 1.18 m peak to obliquity, and of the three remaining high-frequency peaks to the precession. Filtering of the 16 m peak highlights the expression of ca. 7.8 long-eccentricity cycles of 405 kyr in the δ 13 C signal and ca. 81 obliquity cycles in the δ 18 O record (Fig. 4) , and points to relatively concordant durations of 3155 and 3078 kyr when tuning the time-series to the 405 kyr eccentricity and 38 kyr obliquity, respectively (Fig. 4) .
Results of the filtering and of the two distinct tunings to the 405 kyr eccentricity and 38 kyr obliquity suggest a significant decrease of the compacted sediment accumulation rate from ca. 4 to 2.5 cm/kyr in the interval comprised between 17 and 40 m (Upper Coniacian-midMiddle Santonian; Fig. 4 ). Sediment accumulation rate appears to vary slightly around 3 cm/kyr for the remainder of the time-series. Average Spectral Misfit was thus tested on the latter interval comprised between 40.00 and 90.75 m, for which four main significant frequencies can be recognized in the MTM power spectrum (Fig. 6 
Cyclostratigraphy in the time domain
Cyclostratigraphic analysis in the time-domain is fundamental because, if the tuning is accurate, then Milankovitch frequencies should be better defined, potentially with higher power in the MTM of the new time-series (Fig. 7) . Due to the chaotic behaviour of the solar system, the 405 kyr component of the eccentricity is the only orbital parameter stable throughout the Mesozoic-Cenozoic [Laskar et al., 2004] . Alternatively, the second most suitable Milankovitch component for orbital tuning should be obliquity, because it is a relatively stable component with a narrow and well-defined peak in the Laskar astronomical solution (La2004, Laskar et al. [2004] , Fig. 7D ). Both components are expressed with relatively narrow peaks and very high significance either for the 405 kyr in the δ 13 C record or for the obliquity in the δ 18 O record (Fig. 4) .
We tested two distinct age-models based on the 405 kyr filter output of the 13 C data the expression of the 405 kyr cycles in the carbon-isotope record of Seaford Head (Fig. 7) .
This component is very stable and remains along a straight line in the Evolutive Harmonic
Analysis (E in Fig. 7C ), although a slight perturbation is observed at around 1000 kyr in the top of E405 Sa1. However, the 405 kyr tuning poorly resolves the remaining Milankovitch frequencies, whose significance is reduced because of the very high power of the 405 kyr component. A 122 kyr component is present in the MTM but below the 90% significance level, the obliquity appears shifted to 34 kyr, and precession components are not highly significant (Fig. 7B ).
When the 405 kyr is filtered out, other components are well expressed (Fig. 7G) . The 38 kyr tuning of the δ 13 C signal resolves much better the high frequencies with an extremely welldefined 38 kyr peak, significant precession components and two poorly significant shorteccentricity peaks at 127 and 91 kyr (Fig. 7E) , as expected when compared to the La2004 solution (Fig. 7D) . The expression of the 38 kyr peak in the tuned δ 13 C record is particularly relevant here as the series was actually tuned on the 38 kyr filter of the δ
18
O record, and as this component was not particularly significant in the original MTM power spectrum of the δ 13 C in the depth domain (Fig. 4) . This analysis reveals that the tuning improved significantly the expression of Milankovitch frequencies.
Discussion
Correlations in the Boreal Realm
Correlation of our high-resolution δ 13 C curve for Seaford Head to published lower resolution Boreal δ 13 C records for the Coniacian to Campanian of the German and English
Chalk is fully consistent with the available macrofossil biostratigraphy for the sections ( C excursions at the peak of a broad medium-term carbon-isotope maximum, with the lower peak (SCBE a) being coincident with the HO of Marsupites testudinarius, the preferred marker of the stage boundary according to Gradstein et al. [2012] (Fig. 3) . Correlation of the remainder of the Lower Campanian section is hampered by the lack of a high-resolution record at Seaford Head and elsewhere, very low amplitude δ 13 C variation in most sections, and a paucity of correlatable macrofossil datum horizons. Hampton et al. [2007] noticed a marked increase in C.
obscurus within peak ‗a' of the SCBE at Seaford Head (Fig. 3) . It is likely that the LO of C.
obscurus at Trunch and Lägerdorf actually corresponds to a lowest common occurrence (LCO) of the species in the Upper Santonian throughout the Boreal realm, and that this species was too rare to be observed below this level in the two latter sections.
Correlation of Boreal and Tethyan records
Correlation of the new high-resolution δ 13 C record of Seaford Head with the new δ 13 C records from Gubbio allows for an excellent tie of the Coniacian-Santonian and SantonianCampanian boundaries between the Boreal and Tethyan realms (Fig. 8) . The correlation allows the better identification of the Horseshoe Bay CIE at Gubbio, enabling all the isotopic excursions previously identified in the English Chalk to be placed on the Gubbio record. This correlation also shows that the double peak of the SCBE is a consistent feature that can be observed at Seaford Head, Gubbio and at Lägerdorf (Figs 3, 5-7).
The revised correlation of the Santonian-Campanian boundary between Gubbio and Seaford
Head calls for a revision of the magnetostratigraphic interpretation of Montgomery et al.
[1998] for the English Chalk (Fig. 8) . Magnetostratigraphy is a difficult exercise in chalks, which generally lack a sufficiently high concentration of magnetic minerals to provide reliable inclination data [Hambach in Schönfeld et al., 1996] . Combined magnetostratigraphic records from Seaford Head and Culver Cliff (Isle of Wight) led Montgomery et al. [1998] to propose a C34N/C33R Chron boundary within the Uintacrinus socialis Zone, at the top of the Buckle Marls (immediately above the Buckle CIE), where both records suggest a shift from normal to reverse polarity (Fig. 8) . However, our new correlation of the SCBE between Gubbio and Seaford Head demonstrates that this interpretation is erroneous. At Gubbio, which is the Tethyan reference for Late Cretaceous to Paleocene magnetostratigraphy [Gradstein et al., 2012; Coccioni and Premoli Silva, 2015] , the SCBE lies at the top of Chron C34N, indicating that the base of Chron 33R must lie within the lower O. pillula Zone at Seaford Head (Fig. 8) . It is concluded that the published English Chalk magnetostratigraphy is unreliable, due to the very weak magnetic signal present, a conclusion that was already reached by Hampton et al. [2007] based on Barchi [1995] . (Fig. 8) . This correlation and identification of the Michel Dean CIE at Gubbio is supported by the correlation of the Horseshoe Bay Event in the Santonian, and the Kingsdown CIE in the Upper Coniacian of the two sections (Fig. 8) . At the GSSP of Olazagutia, the Coniacian-Santonian boundary has been placed ca. 5 m below the Michel Dean CIE [Lamolda et al., 2014] , although the definition and position of the CIE may require modification in the light of our new high-resolution isotope data.
Finally, the correlation of the Gubbio and Seaford Head isotopic records indicates an interval of condensation at Gubbio in the Lower Santonian between 195 and 200 m (Fig. 8). It should be noted that the whole Lower Santonian interval between the Michel Dean and Horseshoe
Bay events also appears more condensed at Lägerdorf and Trunch/Dover than at Seaford Head (Fig. 3) . The much lower sediment accumulation rate noted at Seaford Head between 17 and 40 m also corresponds to this interval, suggesting a global episode of sediment starvation in the Early Santonian.
Correlation to the ATS of the Western Interior and astronomical calibration to La2011
The Coniacian-Santonian and Santonian-Campanian boundaries were recently assigned precise radiometric dates by Sageman et al. [2014] , using interpolation of new 40 Ar/ 39 Ar and 206 Pb/ 238 U ages of ash layers in the Niobrara Formation of the Western Interior.
An integrated radiometric and orbital time scale was proposed by those authors for the © 2016 American Geophysical Union. All rights reserved.
Coniacian to Lower Campanian interval in the Western
Interior [Locklair and Sageman, 2008; Sageman et al., 2014] . The 405 kyr filter output of the Niobrara Formation was extracted from a micro-resistivity signal mostly reflecting inverse variations of the siliciclastic fraction [Locklair and Sageman, 2008] . However, their 405 kyr filter output was not calibrated to the most recent astronomical solutions [Laskar et al., 2011a [Laskar et al., , 2011b . This exercise is performed here by a tie to the La2011 solution which has proved to be the most robust solution so far for the Cenozoic and pre-Cenozoic astronomical calibrations [Batenburg et al., 2012; Dinarès-Turrell et al., 2013 [Joo and Sageman, 2014] .
The Santonian-Campanian boundary, dated at 84.19±0.38 Ma, is characterized by a minimum in the 405 kyr filter output of the resistivity in the Western Interior (Fig. 9 ). In the English Chalk, the Santonian-Campanian boundary is characterized by a well-defined maximum of the δ 13 C 405 kyr filter output (Fig. 9) . It is striking that the 405 kyr component of the La2011 astronomical solution also shows a well-defined insolation minimum at exactly 84.2 Ma and this tie appears to be the most likely tuning option to the minimum in resistivity in the Western Interior and maximum in δ 13 C in UK (Fig. 9, Option 2) . However, the remaining uncertainties in the radiometric dates of the Coniacian-Santonian and SantonianCampanian boundaries in the Wester Interior call for 5 distinct tuning options to the La2011 © 2016 American Geophysical Union. All rights reserved.
solution (Figs. 9-10 ). Tuning Options 1 to 3 consider a tie of 405 kyr insolation minima to maxima of the δ 13 C 405 kyr filter output in UK and minima in the 405 kyr filter output of the resistivity signal in the Wester Interior (Fig. 9) . Out of these three possibilities, Options 1 and 3 are less likely as either the projected Coniacian-Santonian boundary or SantonianCampanian boundary astronomical ages appear to fall slightly out of the uncertainty range in radiometric dates of the Western Interior (Fig. 9 , Table 2 ). Astronomical Option 2 shows by far the best match with radiometric dates (Fig. 9 , Table 2 ).
Tuning Options 4 and 5 consider a tie of 405 kyr insolation maxima to maxima of the δ 13 C 405 kyr filter output and minima in the 405 kyr filter output of the resistivity signal in the Wester Interior (Fig. 10 ). These two options fall well within the range of uncertainties in radiometric dates and can therefore not be discarded (Fig. 10 , Table 2 ). In any case, the correlation presented for these 5 options highlights a mismatch in the position of the Coniacian-Santonian boundary as defined by the LO of C. undulatoplicatus between the UK and the Western Interior (Figs. 9-10, Table 2 ). Depending on the choice of the tuning option, this mismatch accounts for a total of ca. 170 to 210 kyr (Table 2) . It remains unclear whether the mismatch is due to a slight diachroneity of the lowest occurrence of C. undulatoplicatus between the Boreal realm and the Western Interior or to remaining uncertainties in the radiometric dates and cyclostratigraphic analysis.
Insolation forcing of carbon-isotope variations
The strong expression of the obliquity expressed in oxygen-isotopes is not particularly surprising for a section that was situated at boreal mid-latitudes in the Santonian and several examples even show a well-expressed obliquity at low latitudes [Bosmans et al., 2015] . The lesser expression of the obliquity observed in carbon-isotopes of Seaford Head may then be explained by the ca. 200 kyr-long residence time of dissolved inorganic carbon in the ocean [Zeebe and Wolf-Gladrow, 2008] . The proposed tuning options of the 405 kyr eccentricity filter output of the Seaford Head δ 13 C to the 405 kyr filter output of the resistivity signal in the Niobrara Formation and to the La2011 astronomical solution need to be examined through our current understanding of external forcings (insolation) and internal paleoceanographic responses in individual oceanic basins. Locklair and Sageman [2008] demonstrated that the resistivity signal of the Niobrara Formation is mainly a reflection of the carbonate content; the main controlling mechanism of these variations was through the siliciclastic flux to the Western Interior Basin, which was at that time a restricted epicontinental seaway. Such an interpretation could imply that minima of the resistivity (low carbonate intervals) correlate to maxima of insolation due to more intense continental weathering (driving increased siliciclastic and nutrient input) during insolation highs. Such an interpretation would be in favour of tuning Options 4 and 5 and implies a correlation of maxima of insolation to maxima in δ 13 C, as suggested by the correlation of Figure 10 . A possible mechanism would be for the increased nutrient supply to the oceans, driven by increased terrestrial weathering, to promote increased marine productivity and increased marine organic-carbon burial. Sediments deposited in the Western Interior Basin during the Santonian are relatively rich in organic matter [Tessin et al., 2015] . Preferential removal of 12 C from the oceans by increased organic matter burial would lead to higher δ 13 C values in surface carbon reservoirs [Scholle and Arthur, 1980] . By contrast, Options 1 to 3, among which Option 2 shows by far the best match to radiometric dates out of the 5 considered possibilities, imply a correlation of maxima in insolation to maxima in resistivity (high carbonate intervals) in the Niobrara Formation and to minima in δ 13 C (Fig. 9) . A correlation between minima in bulk carbonate δ 13 C and insolation maxima of the 405 kyr eccentricity has been suggested for the Late Maastrichtian of Zumaia by Batenburg et al. [2012] , and is similar to the response of sedimentary records to Cenozoic climate forcing [Pälike et al., 2006; Holbourn et al., 2007; Westerhold et al., 2011] .
The underlying mechanism that explains this relationship is a globally intensified hydrological cycle during insolation eccentricity maxima that enhances weathering intensity and riverine nutrient and terrestrial organic carbon (lighter δ 13 C HCO3 -) supply to the ocean.
Model simulations of the carbon-isotope response to 405 kyr climate variability during the Miocene climatic optimum have shown that a key factor controlling the oceanic δ 13 C record was the burial ratio of CaCO 3 to organic carbon [Ma et al., 2011] . A net increase in the global burial of CaCO 3 at eccentricity maxima (mainly driven by tropical shallow-water carbonates)
relative to organic carbon in ocean basins will lead to a decrease in oceanic δ 13 C, and vice versa. This mechanism is consistent with Option 2 tuning of our Santonian data.
However, relationships between eccentricity cycles and the carbon-isotope record may be more complex than supposed by the above studies, as the seasonal contrasts at insolation highs and lows must also be considered. An important constraint, for instance, would be the quantity of organic carbon stored on land. Eccentricity minima favor less seasonality and thus smaller areas with semi-arid and semi-humid climates. A more even yearly distribution of precipitation enhances organic-carbon burial during pedogenesis and peat formation. In this case, the driver for positive δ 13 C excursions during eccentricity minima would be located primarily on land (Zachos et al., 2010) .
Previous studies have observed a phase lag in the order of 20 to 60 kyr between insolation 405 kyr eccentricity maxima and 405 kyr minima of carbon-isotope variations [Pälike et al., 2006; Holbourn et al., 2007; Westerhold et al., 2011] . This phase lag is explained by the long residence time of carbon in the ocean, which implies a delayed response to astronomical forcing [Pälike et al., 2006] . A phase lag was most probably also a persistent feature throughout the Cretaceous, but cannot be documented here due to the uncertainties in the recent Santonian radiometric dates and in the ATS of Seaford Head and of the Niobrara Formation. However, such a phase lag would account for only a very small source of error, and the nearly identical La2010d/La2011 solutions appear as robust astronomical models for the Cretaceous [Batenburg et al., 2012; Dinarès-Turrell et al., 2013 Wu et al., 2014] .
Option 2 appears by far the most likely solution for the astronomical calibration of the Santonian (Fig. 9 , Table 2 ). If, as supported by this option, the near-coincidence between 405 kyr eccentricity maxima of insolation and 405 kyr minima of the oceanic δ 13 C can be proven to be a reliable feature of Cretaceous climate, a significant improvement of the Geologic Time Scale could be achieved through high-resolution carbon-isotope stratigraphy, filter extraction of the δ 13 C 405 kyr component, and calibration to La2011 by assuming a close to 180° phase relationship to the astronomical solution.
Conclusions
New high-resolution carbon-isotope records of bulk carbonate have been correlated [Laskar et al., 2011b] Gale et al. [1995] and Locklair and Sageman [2008] . Ca = Campanian, Co = Coniacian, Sa = Santonian. The grey areas in the La2011 astronomical solution highlight the total range in uncertainty of the radiometric datings. Figure S1 . Detailed log of the Seaford Head section with bulk carbonate carbon and oxygen isotopes and SH samples (red numbers) of Hampton et al. [2007] recalibrated to the log.
Stratigraphy and data sources as in Fig. 2 . Small black filled circles are isotope sample positions. Yellow arrows and black text are macrofossil lowest occurrence (LO) and highest occurrence (HO) datum levels; dark blue are foraminifera; pale blue are calcareous nannofossils. [Laskar et al., 2004] are E405, e2, e1, e3, o2, o1, p1 and p2 (see Table 1 ). 
